Precise evaluation of acetabular cup version is necessary for patients with recurrent hip dislocation after THA. We retrospectively studied 42 patients, who underwent THAs, with multiple cross-table lateral radiographs and CT scans to determine whether radiographic or CT measurement of acetabular component version is more accurate. One observer measured cup version on all radiographs. CT scans were interpreted by one observer. Twenty radiographs were measured twice each by two observers to determine intraobserver and interobserver reliability. We implanted cups in four model pelvises using navigation and compared measurements of anteversion made with radiographs and CT scans. Intraclass correlation coefficients (ICC) for anteversion measurements of two observers were 0.9990 and 0.9998, respectively, when comparing measurements of identical radiographs (intraobserver). Paired values for two observers measuring the same radiograph had an ICC of 0.9686 (interobserver) compared with 0.7412 for measurements from serial radiographs of the same component. The ICC comparing radiographic versus CT-based measurements was 0.6981. CT measurements had stronger correlations with navigated values than radiographic measurements. Accuracy of anteversion measurements on crosstable radiographs depends on radiographic technique and patient positioning whereas properly performed CT measurements are independent of patient position.
Introduction
Correct anteversion of the acetabular component in THA is essential for prosthetic stability [17, 21, 28] and to minimize wear [13, 15, 30] . Anteversion has been defined in relation to different planes and landmarks, giving rise to the terms true (anatomic) anteversion, planar (radiographic) anteversion, and operative anteversion. True anteversion is the angle between the projection of the acetabular axis onto the transverse plane and the left-right axis, planar anteversion is the angle between the acetabular axis and the coronal plane, and operative anteversion is the angle between the projection of the acetabular axis onto the sagittal plane and the cranial-caudal axis [1, 24, 33] . Planar anteversion is the form discussed in this article. Anteversion can be measured from standardized anteroposterior (AP) views [11, 27, 31] or, most commonly, from crosstable lateral radiographs [33] .
A cross-table lateral radiograph is difficult to obtain owing to the necessity and potential discomfort of flexing the contralateral hip, the possibility of pelvic flexion or extension, which will affect the apparent version of the cup, and uncertainty regarding the exact location of the cup position when centering the xray beam. Additionally, ideal inclination of the beam will vary with each patient depending on the inclination of the cup [6, 10, 33] . Despite these potential sources for inaccuracy, cross-table lateral radiographs are widely used for evaluation of version and continue to be used as sole measures of anteversion [5, 25, 29] . The previously mentioned sources of inaccuracy are mitigated when version is calculated using CT scans, specifically those related to patient positioning and centering of the beam [22] . Instead of requiring an individualized optimal beam orientation to best evaluate the position of the cup, evaluation of version with CT scans requires reformatting to provide views of the acetabular cup in the appropriate planes.
We addressed four questions: (1) What is the variation in the measurements of version from film to film on sequential cross-table lateral radiographs in patients with well-fixed components? (2) What are the intraobserver reliability and interobserver reliability of radiographic measurements of version? (3) Are version measurements obtained from radiographs and CT scans of the same patients similar? (4) How will radiographic and CT measurements of version compare in an in vitro scenario with no variability of pelvic tilt and/or rotation?
Materials and Methods
We retrospectively reviewed radiographs and CT scans of 51 patients who had undergone THA. Patients were eligible for inclusion in this study if they had a radiographically well-fixed THA. The patients eligible for the study were those scheduled for routine followups during a 3-week period with one senior arthroplasty surgeon not otherwise involved with the study. In addition, a selected group of patients who underwent cross-table radiographs and CT scans for evaluation of recurrent hip instability were included. Radiographic fixation was determined by an arthroplasty surgeon (AGDV) who had not been involved in the surgeries. Eligible patients were included only if they had multiple cross-table lateral radiographs available with no interval surgeries or had at least one cross-table lateral radiograph and a CT scan (performed to evaluate version) within 2 years of each other with no interval surgeries. The study was approved by our Institutional Review Board.
All standardized cross-table radiographs and CT scans were performed by the same group of radiology technicians. The CT scans were interpreted by a specialized musculoskeletal radiologist (BG) according to a preestablished protocol using 1-mm CT cuts reformatted using software accompanying the IDT 16 detector Phillips multislice CT (Phillips Healthcare, Andover, MA). First, the position of the pelvis is standardized for rotation and pelvic tilt by reformatting the image to make the plane defined by the posterior border of the distal sacrum and the posterior border of the ischium horizontal. Second, a plane orthogonal to the line drawn from the most medial point of the cup to the most lateral point of the cup is created. Images in this plane, which differs from a parasagittal plane by the angle of inclination, allow for measurement of cup anteversion regardless of the degree of inclination by referencing off a vertical line ( Fig. 1 ). Prior studies have confirmed CT as an accurate method to determine anteversion of acetabular cups after THA [22, 27] . In addition, the CT scan provided measurement of femoral stem version that was not used for this study.
The version of the acetabular component on cross-table lateral radiographs was the angle formed by the long axis of the ellipsoid projection of the cup base and a vertical line on the film (Fig. 2) . The long axis of the cup is a line connecting the most superior with the most inferior points of the ellipse formed by the base of the cup. If the beam is directed along the base of the cup, the ellipsoid projection becomes a straight line (when minor axis collapses to zero) and the angle this makes with a vertical line then is measured as the version. These angles were measured using the Eisenlohr X-Caliper 1 device (Eisenlohr Technologies, Davis, CA), which provides measurements to a tenth of a degree.
One observer (CKK) measured 84 cross-table radiographs from the 42 patients included in the study (Table 1) . For patients with more than two cross-table radiographs, the two most recent radiographs were used. In addition, 20 randomly selected cross-table lateral radiographs were Volume 467, Number 9, September 2009 Radiography versus CT for Cup Version in THA 2363 measured four times, in a nonsupervised fashion, by two observers: a fourth-year orthopaedic surgery resident (CKK) and a fully trained orthopaedic surgeon (AGDV). Two separate measurements for each radiograph were made by each observer in two reading sessions 1 month apart to evaluate intraobserver and interobserver reliability ( Table 2) . We compared the anteversion measurements from radiographs and CT scans ( Table 3 ) and calculated Pearson's correlation coefficient of the paired data points (radiograph vs CT).
To control for pelvic tilt and rotation that may introduce variability in the measurements, we conceived the following in vitro scenario: Four Sawbones 1 pelvises (Pacific Research Labs, Inc, Vashon, WA) were fixed with the ischial tuberosities and the coccyx firmly secured to a base. Using the Smith and Nephew IntraOperative Navigation TM system (Smith and Nephew, Inc, Memphis, TN), all four Sawbones 1 pelvises underwent left acetabular component placement with screw fixation to ensure maintenance of cup position during the experiment ( Fig. 3 ). A range of inclination values and version values were used (Table 4 ) and recorded. After recording version and inclination values, the pelvises underwent plain radiography and CT. Two serial cross-table lateral radiographs ( Fig. 4) were taken by each of two radiology technicians who were blinded to the cup position but could position the pelvises based on the anterior-superior iliac spine, a common landmark used in patients. Cup version on radiographs and CT scans then were measured in a blinded manner by two observers (CKK, AGDV) and a musculoskeletal radiologist (BG), respectively, using the techniques previously described.
Based on the radiographic measurements of version, we calculated the ICC which provides information regarding the global agreement between measurements made on multiple cross-table lateral radiographs of the same acetabular component and describes interobserver and intraobserver reliability. Agreement of version measurements obtained from the radiographs and CT scans was calculated as the difference between the paired measurements and using Pearson's correlation coefficient. Finally, version measurements from radiographs and CT scans in our in vitro experiment that controlled for pelvic tilt and rotation were compared using ICC. The ICC values were graded using previously described semiquantitative criteria [23] : excellent for a p value of 0.90 to 1.0, good for 0.70 to 0.89, fair/moderate for 0.50 to 0.69, low for 0.25 to 0.49, and poor for 0.0 to 0.24. Statistical analysis was performed with SPSS 1 software (SPSS Inc, Chicago, IL).
Results
We found a substantial difference in the measurements of serial radiographs for the same patient made by one observer. Among the 42 patients measured, a difference of 10°or greater was detected in 12 (28%) ( Fig. 5 ; Table 1 ). The ICC comparing each measurement was 0.7412 with a 95% confidence interval for measurement error of ± 7.3°, meaning an isolated radiographic anteversion measurement of 108 has a true value between 2.78 and 17.38 with 95% confidence.
The ICCs for serial measurements of the same radiographs were 0.9990 and 0.9992 for the two measuring physicians separately (intraobserver reliability), with a 95% confidence interval for measurement error attributable to variation by one observer of 0.54°( Table 2) . Paired values for two observers measuring the same radiograph had an ICC of 0.9686 (interobserver reliability), with a 95% confidence interval for measurement error attributable to variation between observers of 3.2°( Table 2) . Measurements of version on radiographs correlated (ICC = 0.69) with those on CT ( Table 3 ). The radiographs averaged 8.7°more anteversion (range, 10.7°less anteversion to 25°more anteversion) than the CT measurements.
Measurements of version in the in vitro experiment correlated (ICC = 0.862) with those on CT scans and radiographs (ICC for each observer 0.779 and 0.786) ( Table 4 ).
Discussion
Cup version can affect the stability of a THA [4, 6] . Several studies have established guidelines for a safe zone of cup anteversion that surgeons strive to stay within [2, 17, 21] . A precise, reliable measure is necessary for clinical, research, and medicolegal reasons, particularly in the unfortunate event that a patient experiences a dislocation and a decision is made to perform revision surgery. Cross-table radiographs traditionally have been used for measurement of cup version, as plain film is relatively inexpensive and has the benefit of ease of interpretation without need for reformatting or digital manipulation of the images. We acknowledge radiographs are an attractive modality for characterization of component position owing to their ubiquity, low radiation exposure, and low cost; however, concerns regarding accuracy, repeatability, and the inability to evaluate the femoral component using standard radiographs are substantial limitations. Although convenient, consistent cross-table lateral radiographs are difficult to obtain for the reasons described above, leading us to evaluate the precision and accuracy of radiographic measurements. We therefore sought to (1) describe the variation in the measured version angles on sequential cross-table lateral radiographs in the same patient, (2) determine the intraobserver and interobserver reliability of radiographic measurements of version, (3) compare measurements obtained from radiographs and CT scans, and (4) determine which study would provide the most accurate measurement in an ideal, in vitro scenario which controlled for pelvic tilt and rotation.
There are limitations to our study. First, there is no gold standard that can be used to validate radiographic or CTbased values in vitro or in vivo. CT, however, can be considered an acceptable standard for measurement owing to control over pelvic rotation and/or tilt. Second, intraoperative measures of version were shown to be inaccurate [21] , and were not recorded for this cohort of patients. Third, we did not perform multiple CT scans on the same patients because of concern for radiation exposure; thus, we have no repeatability data for the CT scans with which we can compare the cross-table lateral radiograph repeatability data. Fourth, there is an intrinsic error in measurements based on computer navigation [2, 8, 21] , which we used as a third measure of anteversion to compare with CT-derived values. To diminish error, navigated cup placement was performed by one operator under ideal in vitro conditions. Additionally, we thought these values have relevance to our study as navigated values reference from extraarticular landmarks in the pelvic bony anatomy (pubic tubercles and anterior-superior iliac crests) to set a reference plane for the pelvis, similar to the manner in which CT measurements are taken, and thus should be independent of the position of the pelvis. Finally, because the tangent to the face of an acetabular cup changes with inclination, the xray beam angle for optimal cross-table lateral radiographs will change with cup inclination, a factor not likely considered when radiographs are obtained. The protocol at our institution for obtaining cross-table lateral radiographs dictates a cephalad beam angle of 45°r espective to the transverse plane with the hip in question farthest from the beam. This is most appropriate for inclinations of 45°, and less optimal radiographs will be obtained when inclination varies. Although 45°inclination is within the safe range identified by Lewinnek et al. [17] , Hassan et al. [11] and Wines and McNicol [32] reported approximately 40% of THAs considered by surgeons to fall within this 20°safe range were, in fact, outside. Standard radiographs taken with a standard cephalad tilt are not optimal for all THAs. Although intensive training of radiology technicians to customize radiographs based on component position and patient factors may improve these results, this has not yet been explicitly attempted and would involve considerable time and cost. In our institution, there has been a trend to evaluate cup version using CT. CT is readily available in most institutions and the potential differential charge ($1442 for CT versus $648 for radiographs in our institution) may be offset by an improved ability to discern acetabular component malposition and to evaluate the version of the femoral stem, which is not possible using radiographs. Final cost effectiveness, however, cannot be determined based on the current study nor have other studies attempted to address this question.
As the acetabular components had not migrated in the interval between studies, one would expect measurements made from serial radiographs obtained by the same group of radiology technicians would be similar. In this case, the ICC should approach 1.0, not including allowances made for measurement error and operator error. As can be seen from the interobserver and intraobserver reliability data, the measurement error is relatively small compared with the error seen on serial radiographs of the same acetabular component: 0.97, which represents excellent agreement between different observers, versus 0.74, which represents only good agreement for measurement of serial radiographs. We found high interobserver reliability for radiographic measurement of cup position, a finding that was observed in other studies of anteversion measured from radiographs (Table 5 ). Measurement error makes up only a small amount of the difference seen between measurements of serial radiographs. In a comparison of alternate methods of measuring anteversion, Arai et al. [3] described the relationship between version measured from cross-table radiographs and values using AP radiographs of the hip using the method of Lewinnek et al. [17] . Arai et al. [3] described a systematic bias in the measurement of version using cross-table lateral radiographs in patients with a stiff contralateral hip presumably because efforts to flex the stiff contralateral hip tended to flex the pelvis. Although they pointed out a limitation to cross-table lateral radiographs, they did not describe variation in serial radiographs of the same patient, only variation between patients attributable to one particular patient characteristic, and provide no interobserver or intraobserver analysis. Kalteis et al. [14] , although describing the accuracy of anteversion measurements from AP radiographs compared with CT instead of cross-table lateral radiographs, did present interobserver and intraobserver analysis ( Table 5) , and a discussion of inability to control pelvic tilt as a major limitation of radiographic anteversion measurements.
Notable differences exist between the CT and radiograph measurements of version. Although there is no gold standard to validate either measurement method, the discrepancy between CT and cross-table lateral films casts doubt on the radiographic measurements, given the low ICC for serial plain film measurements discussed above and correction of pelvic tilt and rotation using reformatted CT. Mian et al. [22] provided an early description of using CT after THA to measure acetabular component anteversion. Although describing their method of anteversion calculation using CT as ''highly accurate'' based on an in vitro model, they provided no data to support this claim. In an experiment similar to ours, Marx et al. [20] evaluated anteversion values measured from AP radiographs using several techniques in comparison to CT-based values and reported considerable difference between CT-based and radiograph-based values, with the radiographs tending to underestimate the anteversion by between 6°and 14°. Like the current study, that study had no gold standard and thus was able to comment only on differences between measurement methods, not on improved accuracy of one method over another because of this limitation.
We designed an experiment in which acetabular components were fixed in model pelvises and imaged in a standard position using CT scans and radiographs. Version and inclination values determined using the navigation software were recorded based on a pelvic reference plane and compared with radiographic and CT-based measurements. There is published evidence regarding the accuracy of navigated cup placement. Dorr et al. [7] studied blinded surgeon estimates and computer-navigated values of cup placement compared with postoperative CT scans and found computer-navigated values were more precise than surgeon estimates. Precision in the computer-navigated anteversion values was approximately three times better than precision seen in the estimate of cup anteversion made by an experienced surgeon in that study. Similarly, Nogler et al. [26] and Haaker et al. [9] studied conventional cup placement with navigated cup placement via postoperative CT scanning. With surgeons in both studies attempting to place the acetabular component with 45°abduction and 20°anteversion, these studies also showed cups placed with computer navigation were more accurately placed, had lower standard deviations, and had fewer outliers. In our experiment several conditions mitigate factors described as compromising navigated results in vivo. In particular, we assume landmark identification and landmark registration errors would be less in our study compared with in vivo scenarios where the presence of soft tissues may interfere with these processes. Additionally, the standardization of dimensions in manufactured artificial pelvises eliminates concerns about compensating for differential pelvic tilt as described by Dorr et al. [7] and Lembeck et al. [16] . Comparisons of measurements from radiographs and CT scans with navigated values were performed in absolute terms and using Pearson's correlation coefficient, which helps to eliminate biases that could come from differing definitions of anteversion. Statistical analysis of these measurements suggests CT measurement is more accurate than the radiographic measurements from either observer. Correlation between CT measurements and radiographic measurements was only moderate and the ICC between navigated values and CT measurements was greater than those of radiographic measurements from either observer (0.862 versus 0.779 and 0.786).
Evaluation of cup version is performed routinely by many surgeons after THA and is indicated for all patients who have experienced a dislocation. Measurement of the version of the acetabular component using CT has several advantages. The measurement is not dependent on patient position and a CT scan is more comfortable for the patient as the opposite extremity does not have to be elevated. The version of the cup can be compared with version of the anatomic acetabular cavity in cases of unilateral arthroplasty. The position of the cup can be assessed in relation to the entire pelvis, giving information about pelvic tilt, which is assumed to be standard in cross-table lateral radiographs. Finally, femoral component version, which can be the cause of recurrent dislocation, can be accurately * Several studies have commented on the reliability of the measurement of anteversion using either AP or cross-table lateral radiographs; ICC = intraclass correlation coefficient; SD = standard deviation; AP = anteroposterior. measured via comparison with the knee epicondylar axis, preparing the surgeon to perform a femoral component revision if retroversion is encountered. Although a crosstable lateral radiograph is easily obtained and inexpensive, serial cross-table radiographs in well-fixed acetabular components showed substantial differences in version. We believe higher correlations between computer-navigated version measurements and CT-based measurements when compared with measurements taken from cross-table lateral radiographs supports use of CT scans over cross-table radiographs when a precise measurement of cup version is needed. Obtaining a CT scan to evaluate component version is especially important in patients with recurrent dislocation in which revision surgery is indicated and the surgeon must decide on different surgical plans. Information provided by CT can help identify patients who will benefit from retaining the acetabular shell and changing the insert geometry and/or the head diameter and others that may require revision and reorientation of a well-fixed shell.
Although cost considerations and radiation exposure may prohibit use of CT-based measurements on a routine basis, the surgeon and researcher should be aware of the limitations and variability of radiographic measurements. We recommend use of CT scans when planning revision surgery for a patient with recurrent dislocations after THA where accurate characterization of acetabular and femoral implant positions is critical for decision making.
